Surgical patch enlargement is successful in treating discrete aortic obstruction, but there are no effective treatments for diffuse obstructive lesions or aortic stiffening.
lastin deficiency because of heterozygous loss of ELN from chromosomal microdeletion in Williams syndrome (WS) causes obstructive aortic disease characterized by smooth muscle cell (SMC) proliferation, medial thickening, and decreased aortic diameter. 1 In addition to luminal stenosis, most individuals with WS have stiffer aortas associated with an increased incidence of hypertension. [2] [3] [4] Histological analysis of operative and postmortem specimens demonstrate disorganized extracellular matrix (ECM) in the media with increased collagen that may explain the increased aortic stiffness. 5, 6 This aortopathy of WS likely contributes to an increased risk of cardiovascular events and premature death. treatment for several days indirectly inhibits mTORC2 signaling in some, though not all, cell types by sequestering free mTOR and thereby suppressing de novo mTORC2 assembly. 10 Rapamycin and its analogs, collectively termed rapalogs, inhibit mTOR kinase activity through an allosteric mechanism by binding to the FKB12-rapamycin-binding domain that lies upstream to the catalytic domain. A new class of ATP-competitive mTOR kinase inhibitors directly inhibits mTORC2 and mTORC1 activity. Both mTOR complexes may regulate the size of cells, organs, and organisms; the effects of mTORC1 are universal, whereas those of mTORC2 are cell type specific. 11 Our previous work demonstrated that mTORC1 signaling is activated in the aorta of Eln-null mice. 12 These animals without elastin develop severe stenosis of the aorta because of SMC proliferation, medial thickening, and aortic hypoplasia. They die soon after birth. 13 Treatment of the mothers by intraperitoneal administration of rapamycin during late pregnancy and lactation inhibits mTOR activity in the aorta of Elnnull pups, diminishes SMC proliferation, and reduces aortic obstruction but does not prevent perinatal mortality. 12 This extreme phenotype prevents further investigation in juvenile and adult animals. A model with complete absence of elastin expression is also not directly comparable to WS where partial elastin expression results from the remaining ELN allele, albeit at levels less than the expected 50% of normal and with disordered ECM architecture.
14 Conversely, the mild aortic obstruction in mice with heterozygous loss of Eln and ≈50% expression of elastin provides limited information on the effects of rapamycin treatment on aortic size and properties. 12 We, therefore, tested mTOR inhibitors in a more clinically applicable model in which Eln-null mice are partially rescued by transgenic human ELN, leading to ≈30% elastin expression with an arterial phenotype similar to that seen in typical WS patients, namely, moderate, diffuse luminal obstruction and aortic stiffening. 15 We hypothesized that mTOR inhibition would reduce both luminal stenosis and aortic stiffening in mice expressing a bacterial artificial chromosome coding human ELN and null for murine Eln (mNULL) by inhibiting SMC proliferation and medial thickening. We find that rapalogs prevent aortic stiffening in this model of partial elastin deficiency but do not reduce aortic obstruction.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

mTORC1, mTORC2, Focal Adhesion Kinase, and SMAD2 Activity Are Increased in Elastin-Deficient Aortas
To gain insight into molecular mechanisms underlying elastin aortopathy, we examined intracellular signaling within thoracic aortas of mice with graded deficiency of elastin, namely, wild type, heterozygous, or null for murine Eln and partially rescued with human ELN in an hBAC. 15 The animals were fasted overnight before euthanasia and Western blot analysis to minimize the impact of nutritional intake on signaling activity. Consistent with our previous observation of mTOR activation in aortas of neonatal Eln-null mice, 12 there was greater mTORC1 activity, as indicated by increased phosphorylation of S6K and its target S6, in the thoracic aortas of hBAC-mNULL mice at 3 weeks of age ( Figure 1A and 1B) . Similarly, there was greater mTORC2 activity, as indicated by increased phosphorylation of AKT at serine 473. Because the integrity of the ECM may influence the sensing of hemodynamically induced loads by medial SMCs, 16 we examined mechanosignaling in terms of the integrin intracellular signaling effector, FAK (focal adhesion kinase). There was increased phosphorylation of FAK at the activating tyrosine 397 residue in hBAC-mNULL mice. There was also increased phosphorylation of SMAD2, a canonical signaling pathway of transforming growth factor-β that can be released from its extracellular latent complexes via activated integrins in response to mechanical loads. 17 In addition to differences when normalized to GAPDH, activation of S6K, S6, AKT, FAK, and SMAD2 remained significant when calculated as a fraction of total protein levels ( Figure I in the online-only Data Supplement). The activity of other stress-sensitive kinases, such as ERK1/2, p38, PKCα, and MLC, were not significantly altered by elastin deficiency and were not investigated further (data not shown). In agreement with biochemical assays suggesting fibrosis of aortas in hBACmNULL mice, 15 there was increased levels of matrix proteins, including type III collagen, but no change in contractile proteins, such as smooth muscle α-actin ( Figure 1A and 1B) . Thus, dysregulated mTOR signaling presents a target for pharmacotherapy and assessing consequent effects on the anomalous morphology, mechanosignaling, and fibrosis of elastin-deficient aortas.
mTOR Inhibition Reduces Medial Collagen and Aortic Stiffening in Neonatal Elastin-Deficient Mice
We tested the effects of mTOR inhibitors because this class of drugs prevented stenosis of the aorta (but not lethality) in 1-to 3-day-old Eln-null pups. 12 First, neonatal hBAC-mNULL mice were treated with rapamycin or everolimus at 3 mg/kg per day orally in divided doses given twice daily beginning on the day of birth and continued for 3 weeks. Both drugs were poorly tolerated, however, for the pups failed to thrive, and the majority died between 8 and 18 days postnatally (Figure 2A) . In contrast, all vehicle-treated animals survived, suggesting that mortality resulted from common effects of rapamycin and everolimus rather than the inherent aortopathy of hBACmNULL mice. Everolimus at the full dose resulted in uniform lethality, and even one third of this dose had similar effects on pup survival as the full dose of rapamycin. Analysis of the 4 runts that survived to 3 weeks of age revealed decreased aorta Figure II in the online-only Data Supplement). Interestingly, everolimus and rapamycin reduced absolute and relative levels of fibrillar collagen within the media but did not affect medial cell density or elastin concentration ( Figure 2B through 2D) . In association with diminished medial fibrosis, mTOR inhibition increased aortic distensibility both in absolute terms and when indexed to aortic size ( Figure 2C ). Second, we confirmed that a briefer, 5-day, nonlethal course of drugs initiated in 3-week-old weanlings inhibited mTOR signaling in the thoracic aorta, with everolimus demonstrating greater efficacy than the same dose of rapamycin ( Figure 2E ). Consistent mTOR inhibition in target tissues by oral everolimus may have resulted from efficient absorption of the drug in its proprietary microemulsion solution, although both drugs displayed significant toxicity.
mTOR Inhibition Reduces Medial Collagen and Aortic Stiffening in Juvenile Elastin-Deficient Mice
To avoid drug toxicity, we next delayed the onset of therapy until after weaning at 3 weeks of age. Rapamycin was not used in these experiments because its oral preparation had achieved suboptimal mTOR inhibition in aortas of neonatal mice. Although everolimus did not result in lethality of juvenile mice treated at 3 mg/kg per day orally from 3 to 9 weeks of age, significant growth retardation persisted. To assess possible synergy with other drugs having lower toxicity profiles, we also compared treatment during this time frame with imatinib at 200 mg/kg per day and metformin at 300 mg/kg per day, which reduce mTOR signaling indirectly via PDGF β (platelet-derived growth factor beta)-receptor inhibition and AMPK (AMP-activated protein kinase) activation, respectively. Drug doses were selected on the basis of documented efficacy in other murine disease models (cf Materials and Methods), and we verified drug bioactivity in hBAC-mNULL mice ( Figure III in the online-only Data Supplement). Despite decreased medial thickening in response to everolimus, none of the drugs reduced luminal stenosis of elastin-deficient aortas (Table 2 ; Figure IV in the online-only Data Supplement). The drugs showed common toxicity in that all resulted in 10% to 20% lower body mass. Notably, no synergistic effects on aortic size were seen for half doses of everolimus in combination with either imatinib or metformin (Table I in the online-only Data Supplement). Histological analysis revealed that the total number of medial cells per cross-section and the absolute expression levels of medial collagen, but not elastin, were reduced by . mTOR (mechanistic target of rapamycin) activity and mechanosignaling in elastin-deficient aortas. A, Western blotting for phosphorylated and total levels of S6K, S6, AKT, FAK (focal adhesion kinase), SMAD2, type III collagen (Col III), smooth muscle α-actin (SMA), and GAPDH in 3 thoracic aortas of bacterial artificial chromosome coding human ELN (hBAC)-wild type for murine Eln (mWT), hBAC-heterozygous for murine Eln (mHET), and hBAC-null for murine Eln (mNULL) mice at 3 wk of age. B, Protein band densities were normalized to the corresponding GAPDH bands and expressed as a fraction of the mean control value, n=3 per group, ͆ P<0.05 among genotypes, 1-or 2-way ANOVA.
everolimus and imatinib treatment ( Figure 3A ). When accounting for the corresponding changes in medial area, cell density was similar, and only the reduction in relative collagen content by everolimus reached statistical significance ( Figure 3B and 3C). As a functional correlate to decreased medial collagen, ultrasound examination revealed improved distension and compliance of the ascending aorta in everolimus-treated animals ( Figure 3A and 3B; Table 2 ). Their blood pressure, as measured by tail-cuff method, was not affected.
Everolimus Rapidly Reduces mTORC1 Activity Followed by Partial Inhibition of mTORC2, FAK, and SMAD2 Signaling in Elastin-Deficient Aortas
We examined how the drug treatments affected signaling in the thoracic aorta of juvenile hBAC-mNULL mice treated for 7 days beginning at 5 weeks of age. Everolimus, but not imatinib or metformin, led to a marked reduction in mTORC1 activity and a lesser reduction in mTORC2, FAK, and SMAD2 signaling at the doses tested ( Figure 3D ). We also followed the . mTOR (mechanistic target of rapamycin) inhibition in neonatal elastin-deficient mice. A, Survival of bacterial artificial chromosome coding human ELN (hBAC)-null for murine Eln (mNULL) mice treated with vehicle (n=12), rapamycin at 3 mg/kg per day (n=12), everolimus at 3 mg/kg per day (n=6), or everolimus at 1 mg/kg per day (n=6) PO in divided doses twice daily from 0 to 3 wk of age. B, The ascending aortas of the surviving animals were analyzed for number of medial cells per cross-section (x-sec), media staining positive for elastin per x-sec, media staining positive for collagen per x-sec, and distension from end diastole to end systole. C, The same measurements were indexed to medial area or end-diastolic aortic diameter. Scatter dot plots of data with mean±SEM, n=2 to 12, ͆ P<0.05 vs vehicle, 1-way ANOVA. D, Representative images of sirius red stain detecting collagen in the media (M) and adventitia (A), bars=50 µm. E, An additional group of 3-wk-old mice were treated for 5 d, and the thoracic aortas (pooled from 2 mice for each sample) were immunoblotted for phosphorylated and total levels of S6K, S6, AKT, and GAPDH; n=3 per group.
time course of everolimus effects in hBAC-mNULL mice that had been treated orally twice daily for 1 to 7 days from 5 to 6 weeks of age ( Figure 4A ). After 1 to 3 doses over 1 to 25
hours, everolimus fully suppressed S6K and S6 phosphorylation indicative of blocked mTORC1 activity. In contrast, AKT phosphorylation at serine 473, indicative of mTORC2 activity, was only partially inhibited after 7 to 15 doses over 3 to 7 days, consistent with an indirect action of free mTOR sequestration. 10 Phosphorylation of FAK and SMAD2 showed a similar delayed and partial suppression by everolimus, with inhibition of the former manifesting slightly earlier by 5 doses at 2 days of treatment. Quantification of combined results at the common time points of 7 days among different experiments on juvenile hBAC-mNULL mice substantiated the inhibitory effects of everolimus on mTOR activity and mechanosignaling ( Figure V in the online-only Data Supplement). In this time frame, everolimus also moderately decreased type III collagen and slightly, but significantly, increased smooth muscle α-actin expression.
To differentiate between delayed (including possible transcriptional and translational) effects of mTORC1 activity and contemporaneous signaling effects of mTORC2 activity on mechanosignaling, we tested additional pharmacological agents. INK128, an ATP-competitive mTOR kinase inhibitor with equal affinity for mTORC2 and mTORC1, markedly decreased activation of AKT in addition to S6K and S6 as early as 1 hour after the first dose of treatment but did not prevent FAK and SMAD2 phosphorylation until 1 to 3 days later ( Figure 4B ). Yet, inhibition of FAK activity by PF562271 did not affect mTOR or SMAD2 signaling. Levels of type III collagen and smooth muscle α-actin were not significantly altered by this short duration of drug therapy that modulated protein phosphorylation.
Discussion
We find increased mTORC1 and mTORC2 signaling in thoracic aortas with partial elastin deficiency and associated hBAC-mNULL mice were treated with vehicle, rapamycin at 3 mg/kg per day, or everolimus at 1 or 3 mg/kg per day PO in 2 divided doses per day from 0 to 3 wk of age. All of the higher dose and the majority of the lower dose everolimustreated mice and most of the rapamycin-treated mice died prematurely and were lost to analysis. After euthanasia of surviving animals at 3 wk of age, the thoracic aortas were analyzed by stereomicroscopy in situ (width, length) and weight ex vivo (mass). After standard fixation and processing, the ascending aortas were also analyzed by histomorphometry of transverse sections (thickness, area). Hence, all size dimensions are unloaded. Ascending aorta parameters are shown except for the length and mass of the entire thoracic aorta. Blood pressure was not measured in neonates as the tail-cuff apparatus was not of appropriate size. Data represent mean±SEM. hBAC indicates bacterial artificial chromosome coding human ELN; and mNULL, null for murine Eln. *P<0.05 vs vehicle, 1-way ANOVA. hBAC-mNULL mice were treated with vehicle, everolimus at 3 mg/kg per day, imatinib at 200 mg/kg per day, or metformin at 300 mg/kg per day PO in 2 divided doses per day from 3 to 9 wk of age. All of the animals survived. Blood pressure was measured by tail-cuff method while awake. Aortas were analyzed under anesthesia by ultrasound in vivo (distension), then after euthanasia by stereomicroscopy in situ (width, length), weight ex vivo (mass), and histomorphometry of transverse sections (thickness, area). Ascending aorta parameters are shown except for the length and mass of the entire thoracic aorta. Data represent mean±SEM. hBAC indicates bacterial artificial chromosome coding human ELN; and mNULL, null for murine Eln.
*P<0.05 vs vehicle, 1-way ANOVA. , and PF562271 at 25 mg/kg PO every 12 h for 3 doses (selective FAK inhibitor). The animals were euthanized 1 h after the last dose of drug, the thoracic aortas were rapidly procured, and extracted protein was immunoblotted for phosphorylated and total levels of S6K, S6, AKT, FAK, SMAD2, type III collagen (Col III), smooth muscle α-actin (SMA), and GAPDH; n=2 per group.
increases in FAK and SMAD2 activation, collagen accumulation, and medial thickening, which together increase aortic stiffness. We postulate that this mTOR signaling is activated in vivo by an increased sensation of mechanical stress by medial SMCs similar to responses observed in cultured, mechanically loaded smooth muscle and skeletal muscle cells. 18, 19 Rapalog inhibition of mTOR reduces the aberrant mechanosignaling and attendant medial fibrosis and aortic stiffening but does not reduce the luminal stenosis in hBAC-mNULL mice.
To determine the role of mTOR signaling in elastinassociated aortopathy, we tested the effects of several pharmacological inhibitors. The drugs were administered orally as injection of neonates is problematic because of their delicate tissues. Everolimus seems to be more effective than an equal dose of rapamycin, notwithstanding possible differences in pharmaceutical formulation or pharmacokinetics. In contrast to rapid effects on mTORC1, inhibition of mTORC2 activity by everolimus is delayed for 3 days similar to reports for other cell lines and tissues. 10 The induction of mTOR signaling by elastin deficiency is not affected by imatinib or metformin, which suggests that the pathological pathway does not depend on growth factor or nutrient availability (although not all growth factors or nutrients were investigated). mTORC2 activity is rapidly and profoundly inhibited by INK128, but effects of prolonged treatment in hBAC-mNULL mice are unknown. It is possible that complete loss of mTORC2 activity may be counterproductive by further limiting the growth of the aorta as occurs in some organs. 11 Although Western blot analyses were performed with limited replicates, because of the number of experimental variables tested, confidence in the reliability of the results accrues from analyzing pooled results and considering the consistent effects on multiple mTOR signaling effectors, by several drugs of the same class, at different animal ages, and at varying times of administration.
Consistent with the SMCs sensing an increased mechanical stress, we find increased activation of FAK, a key intracellular effector for activated integrins that have engaged their ECM ligands. 20 Increased SMAD2 phosphorylation may similarly reflect an extracellular effect of activated integrins whereby transforming growth factor-β is released from ECM-bound latent complexes. 21 Notably, both FAK and SMAD2 are activated within aortas subjected to increased mechanical loads in vivo. 22, 23 Mechanosensing of elevated arterial stresses typically elicits ECM production and wall thickening, as is common in hypertension. Increased FAK and SMAD2 activation in intramural cells of elastin-deficient aortas is, thus, consistent with the medial accumulation of collagen but was initially unexpected from a mechanical perspective. Circumferential wall stress is predicted to be much lower in thoracic aortas of hBAC-mNULL mice than controls because of an ≈50% smaller luminal diameter and ≈100% thicker wall but only ≈50% higher mean blood pressure 15 ; recall the Laplace equation that mean circumferential stress σ θ = Pa h / , where P is pressure, a is inner radius, and h is wall thickness. Axial wall stress is also predicted to be lower in hBAC-mNULL mice given a lengthening of the ascending aorta and expected reduction in axial stretch. 24 These findings suggest either altered mechanosensing or a resetting of the target value of stress. In support of the former, a normal ECM seems to shield intramural cells from typical hemodynamically induced intramural stresses of 100 to 200 kPa such that noncontracted cells experience stresses of only 3 to 5 kPa at focal adhesions. 16 Assuming that total wall stress σ σ σ σ θ θ θ θ ≈ + + eln c oll s mc , where elastin typically carries most of the stress in a normal elastic artery so as to store elastic energy, 25 a markedly reduced load-bearing capability by elastin should initially increase the stress seen by the SMCs even in the case of an overall net lower wall stress. Subsequent mechano-mediated production of collagen could then restore the normal stresses borne by the SMCs despite an overcompensative wall thickening. A related possibility is that an initial deficiency in elastin would alter the ratio of elastin:collagen integrin binding (and similarly for elastin-associated glycoproteins, such as fibrillin and fibulin), which in turn might stimulate collagen production. Of course, FAK can also be stimulated by growth factors, because cross talk exists between growth factor and integrin signaling, 26 and reduced elastin could affect other signaling pathways as well.
Importantly, mTOR inhibition decreased both FAK and SMAD2 signaling, although the interaction was not reciprocal at the times studied. FAK and SMAD2 activation were similarly reduced in a delayed fashion by everolimus and INK128, thus suggesting that they are downstream of mTORC1 signaling. A previous study using a panel of tumor cell lines similarly showed that rapamycin inhibits FAK signaling via an mTORC1 pathway. 27 Precise mechanisms linking mechanosensing to mTOR and mTOR to mechanoresponses in the aortic wall remain unknown. One possibility is that mechanical stress activates mTOR signaling through a unique PI3K-and nutrient-independent pathway that involves phospholipase D and phosphatidic acid. 19 Another is that mTOR triggers polymerization of F-actin, which promotes phosphorylation of focal adhesion proteins or activates integrins via IRS-1 (insulin receptor substrate-1). [27] [28] [29] The ability of mTOR inhibitors to modulate mechanoresponses in SMCs may relate to its beneficial effects on pathological aortic remodeling and reinforce the concepts that vascular cell activation and integrin-mediated mechanotransduction play important roles in elastin aortopathy. 30, 31 Additionally, mTOR inhibition increased contractile protein expression in differentiated SMCs in vivo, though to a lesser extent than previously reported for dedifferentiated cultured SMCs 28 and aortas with loss of SMC differentiation because of disruption of transforming growth factor-β signaling. 32, 33 We also find that mTOR inhibition reduces medial collagen accumulation and structural stiffening of the aorta in hBAC-mNULL mice using different drugs (rapamycin and everolimus) for various durations (3 weeks in neonates and 6 weeks in juveniles). Absolute and relative levels of collagen are decreased, whereas the amount of elastin is not affected, sparing any worsening of the elastopathy. Changes in sirius red staining within the tunica media localize alongside elastic laminae, consistent with previous descriptions of type III collagen distribution. 34 Collagen levels are not significantly altered by mTOR inhibitors administered for <1 week, suggesting that changes in collagen are not responsible for the reduction in FAK signaling. Importantly, the increased aortic distension of treated hBAC-mNULL mice equals that of hBAC-mWT (wild type for murine Eln) controls when normalized to vessel size.
Our novel mechanistic finding of mTOR inhibition improving aortic compliance is consistent with limited clinical observations; use of rapamycin in the immunosuppression regimen of kidney transplant recipients associates with less aortic stiffening when compared with cyclosporine. 35 It is possible that the common abnormalities of elastin degradation and aortic stiffening of the elderly may also be susceptible to mTOR inhibition. Although mTOR inhibition for 6 weeks did not alter blood pressure in our hBAC-mNULL mice, beneficial effects could manifest over longer periods similar to a beneficial effect of rapamycin on blood pressure in renal transplant patients, which has been observed after 40, but not 14, weeks of treatment. 35 Aortic stiffening without or with hypertension is well described in children and adults with WS. [2] [3] [4] Independent of blood pressure, aortic stiffening predicts cardiovascular complications and mortality in the general population 36 and is likely to be a similar prognosticator in WS patients.
The current study, together with our previous findings, 12 suggests that mTOR inhibition prevents multiple maladaptive responses in elastin aortopathy ( Figure VI in the onlineonly Data Supplement). Treatment of Eln-null fetuses and pups reduces SMC proliferation and aortic obstruction resulting from absent elastin expression. Treatment of hBAC-mNULL neonates and weanlings decreases aortic fibrosis and stiffening despite not improving aortic hypoplasia associated with partial elastin deficiency. The limitation of mTOR inhibition in the latter may relate to the lack of SMC proliferation causing aortic obstruction in this model 37 and a smaller aorta associated with retarded somatic growth. Beneficial effects of mTOR inhibitors have to be weighed against their side effects, including reduced weight gain in growing animals. We think, however, that the promising results of mTOR inhibitors in our experimental models support the rationale for a clinical trial in patients with WS. Treatment early in life (effects on somatic growth notwithstanding) to alleviate severe obstructive lesions and continuation of the treatment in older patients to prevent aortic stiffening may represent complementary therapeutic strategies.
